Simultaneous absorption of two photons has gained increasing attention over recent years as it opens the way for improved and novel technological capabilities. In the search for adequate materials that combine large two-photon absorption (TPA) responses and attributes suitable for specific applications, the multibranch strategy has proved to be efficient. Such molecular engineering effort, based on the gathering of several molecular units, has benefited from various theoretical approaches. Among those, the Frenkel exciton model has been shown to often provide a valuable qualitative tool to connect the optical properties of a multibranched chromophore to those of its monomeric counterpart. In addition, recent extensions of time-dependent density functional theory (TD-DFT) based on hybrid functionals have shown excellent performance for the determination of nonlinear optical (NLO) responses of conjugated organic chromophores and various substituted branched structures. In this paper, we use these theoretical approaches to investigate the one-and two-photon properties of triazole-based chromophores. In fact, experimental data were shown to reveal quite different behaviors as compared to related quadrupolar and octupolar compounds. Our theoretical findings allow elucidating these differences and contribute to the general understanding of structure-property relations. This work opens new perspectives towards synergic TPA architectures.
INTRODUCTION
The search for versatile nonlinear optical (NLO) chromophores with tunable and intense two-photon absorption (TPA) spectra has motivated huge synthetic, experimental and theoretical efforts over the last decade. [1] [2] [3] [4] The route known as the branching strategy, based on the gathering of either dipolar [4] [5] [6] [7] [8] [9] [10] or quadrupolar 4,11-16 molecular units via a common conjugated core has proved to be efficient. This molecular engineering effort has benefited from various theoretical approaches through their ability to rationalize structure-property relationships. [8] [9] [10] [11] [12] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Among those, the Frenkel exciton model has been shown to often provide a valuable qualitative tool to connect the photophysical properties of branched chromophores to those of their monomeric counterpart. [8] [9] [10] [17] [18] [19] However, subtle effects such as noticeable dissymmetry introduced by the central connecting moiety can effectively render the Frenkel exciton model unusable. 16 In such cases, but also in the quest for quantitative description, accurate prediction and thorough analysis, adiabatic time-dependent density functional theory (TD-DFT) is currently the method of choice for calculating the excited state structure of large molecular systems. 4, [25] [26] [27] [28] [29] [30] Recently, branching and "click" chemistry strategies have been combined to design a series of TPA active chromophores built from triazole moieties. 31, 32 Obtained quadrupolar and three-branched chromophores have shown to combine high solubility, full transparency, long excited state lifetimes and strong TPA optical responses in the visible region particularly suitable for optical limiting in the visible region. 31, 32 Experimental data reveal quite different behaviors, both for linear and nonlinear responses, as compared to related quadrupolar or octupolar compounds or between the triazole-based quadrupole and its three-branched analog. The aim of this paper is to investigate theoretically these triazole-based chromophores 31 and their dipolar units 32 to get a better understanding of the effect of insertion of a triazole ring on structural, linear and NLO properties as well as within the branching strategy. Theoretical approaches rely on the Frenkel exciton model and TD-DFT calculations using the density matrix formalism for NLO responses. 24 To illustrate the nature of underlying excited states involved in one and two-photon absorption, we refer to Natural Transition Orbital (NTO) analysis. 33 
THEORETICAL APPROACHES

Frenkel exciton model
To connect the photophysical properties of multibranched chromophores to those of their single-branch counterpart, the Frenkel exciton model has been proposed and adopted, 4, [17] [18] [19] offering a reduced description compared to "supramolecular" approaches. It describes the limit of tightly bound localized excitons, as opposed to the Wannier limit of diffuse delocalized excitons. It assumes that all intermolecular interactions between monomers are electrostatic, and short range interactions such as direct wavefunction overlaps are disregarded. Thus, the wavefunction basis for the multibranched system is the direct product of the local wavefunctions relevant for each molecular unit. The reduced Frenkel exciton Hamiltonian is given by: Because the electrostatic interaction decreases quickly with the distance between monomers, often only the nearest neighbor contribution is retained. For a multibranched system made of identical molecular units, all hopping integrals become equal, V ij =V. In the case of dipolar branches, the approximation of two-level monomer is usually reasonable.
Interbranch interaction results in a splitting of the initially degenerate single excitations. For a homo-dimeric chromophore (e.g. quadrupole), the one-exciton transitions are separated by 2V ( Figure 1 ). Within C i symmetry, the lowest excited state is one-photon allowed and two-photon forbidden and vice versa for the second excited state. For a homo-trimeric chromophore with C 3 symmetry (e.g. octupole), a two-fold degenerate first excited state, mainly onephoton allowed, is obtained and is shifted by -V from the monomer excited state. The third excited state shifted by +2V is one-photon forbidden and two-photon allowed ( Figure 1 ). Figure 1 . Schematic electronic level diagrams within the excitonic model for quadrupole (left), dipolar molecular unit (middle) and octupole (right). |0 j 〉 denotes the ground state and |n j 〉 the n th excited state where j = d, 2d, 3d
respectively for dipolar, quadrupolar, octupolar structures. V denotes the interbranch coupling for the first monomeric excited state.
In general, the Frenkel exciton model provides a reasonable qualitative picture when applied to branched structures. However, when applied to homologous series of dipoles, octupoles and multi-branched systems, quantitative agreement with experimental observations such as enhancement of non linear responses often fails. 4, 8, 9, 17 In addition, this model has also been shown to be unusable due to the appearance of new excited states resulting from inherent breaking of symmetry of the quadrupolar unit in a three-branched quadrupolar chromophore. 16 31, 32 have been replaced by methyl groups. Solvation effects were neglected. 4 Ground-state optimized geometries have been obtained using the Gaussian 98 34 or Gaussian 03 35 packages. For ground state geometries, we previously found that the Hartree-Fock (HF) method is superior to the DFTbased approaches by reproducing accurately bond length alternation parameter in similar conjugated systems when compared to experiment. 25 Thus, all ground-state geometries are obtained at the HF level using the 6-31G basis set. We note that using DFT-based kernels (such as B3LYP) for ground-state geometry optimizations would lead to consistent red-shifts in the excitation energies and slightly increased one photon absorption (OPA) and TPA response amplitudes compared to respective quantities, calculated at HF level.
Computational details of Time Dependent Density Functional Theory (TD-DFT) calculations
Hybrid functionals such as B3LYP have been found to be very accurate for excited states in many molecular systems. 28, 29, 36 Consequently, we used TD-B3LYP/6-31G level of theory to investigate linear and NLO properties using the density matrix formalism for NLO responses as described in ref. 24 This method has already demonstrated its relevance 4, 16, 37 for both linear and nonlinear absorption spectra in different series of substituted chromophores. Excitedstate electronic structures were calculated with Gaussian 03, 35 including 20 excited states for dipoles, 30 for the quadrupolar compound and 40 for the three-branched chromophore, The number of excited states was found to be sufficient as asymptotic values are reached for the absorption spectra and only small effects (e.g. 10% for the first band using 24 excited states for 3d 2 ) are observed on the amplitude of the TPA spectra. Vertical transition frequencies, dipoles and densities are used to model both OPA and TPA spectra. 24 In particular, the third order polarizability γ(-ω; ω; ω; -ω) has been calculated using the density-matrix formalism as described in ref. 24 The TPA cross-section σ 2 (ω) in vacuum is related to the imaginary part of the orientational average of γ(-ω; ω; ω; -ω):
where ħ is Planck's constant and c is the speed of light. The damping factor Γ introduced in γ ijkl to simulate finite linewidths in the resonant spectra has been fixed to 0.20 eV for all chromophores. It is important to notice that all comparisons with the experimental response amplitudes are subject to uncertainties related to the choice of the linebroadening parameter and to consideration of solvation effects. 4 Natural transition orbital (NTO) analysis of the excited states 33 has been used to analyze the nature of the excited states involved in the photophysical processes. They offer the most compact representation of a given transition density in terms of an expansion into single-particle transitions.
Figures showing molecular geometries and NTOs were obtained with XcrySDen. 
RESULTS AND DISCUSSION
Molecular geometry and ground state properties
The branching effect of triazole based compounds has been studied with model chromophores 2d 1 ( Figure 2 ) and 3d 2 ( Figure 3 ) that correspond to the branching of respectively two dipoles d 1 ( Figure 2 ) via the biphenyl (BP) moiety and three dipoles d 2 ( Figure 3 ) through the triphenylamine (TPamine) branching center. The ground state optimal geometries of the branched chromophores show geometrical parameters for each branch quasi-identical to those of their dipolar counterpart. Among the different possible conformations of quadrupole 2d 1 , we retained that having symmetry closest to centrosymmetry. Both BP and TPamine moieties introduce torsional degrees of freedom leading to nonplanar optimal ground state geometries with twist angles of about 45°. Thus, the TPamine based chromophores adopt a propeller-shaped structure, the phenyl rings being twisted with respect to the trigonal planar nitrogen. The TPamine core allows for either left or right handed skewness of the propeller core but both geometries lead to comparable total energies. All these features are in line with those reported for related dipolar, [8] [9] [10] quadrupolar 16 and octupolar chromophores. 8, 9 Despite reduction of conjugation, as a result of the large twist angles, it has been demonstrate that significant electron communications is still in action and can lead to enhanced NLO responses. The triazole moiety appears to introduce additional twist along the molecular backbone depending on the nature of the chromophore. Our findings are consistent with the structural parameters of related triazole based structures reported in the Cambridge Structural Data Base. 39 For all investigated chromophores, the phenyl ring connected to the carbon atom of the triazole ring is systematically less twisted than that connected to the nitrogen atom. The former twist angle is almost vanishing in d 1 and of about 10° in 3d 2 . That on the opposite side is almost the same for all four members of the series and of about 42°. This large twist angle is expected to significantly reduce electron communication towards the donating NMe 2 groups and this effect will be discussed in the next sections thanks to NTO inspection. 
One Photon Absorption (OPA)
First, let us validate the TD-DFT methodology used to determine the optical responses of the chromophores investigated in this work. Table 1 summarizes the available experimental photophysical data (in toluene) 31, 32 and corresponding results obtained at the TD-B3LYP/6-31G level of theory for geometries optimized at the HF/6-31G level of theory, all in vacuum. The lowest transition energies (band gaps) show an overall good agreement, with shifts not larger than 0.15eV. They bear all large oscillator strength, typical of such conjugated molecules. Assuming comparable linewidths for 2d 1 and 3d 2 , the ratio between experimental molar extinction coefficients (ε) associated to the first band can be compared to the ratio of calculated oscillator strength ( show a systematic blue shift of the first absorption band while maintaining good OPA cross sections. The latter are reduced by about 15% when compared to chromophores where the triazole ring is replaced by either a double or triple bond in the connecting unit between the branching center and the donating end group. 10, 40, 41 This decrease is comparable to that induced by either replacing the NHex 2 end group by an electron acceptor such as SO 2 Oct or SO 2 CF 3 10,40,41 or by introduction of a slight electronic dissymmetry 37 and allows at the same time for larger blue shifts and thus improved transparency in the visible. For these triazole based chromophores, this reduction is directly related to the large twist angle between the triazole ring and the phenyl ring connected to the end-group. In fact, comparison of the NTOs corresponding to the first excitation (Figures 2 and 3 In addition, normalized oscillator strength reported in Table 1 and absorption spectra shown in Figure 4 illustrate the different behavior of absorption upon branching. While the first absorption band is significantly enhanced when gathering two dipoles d 1 to obtain quadrupole 2d 1 , gathering three dipoles d 2 into 3d 2 decreases its amplitude. Again, NTOs are quite useful to understand these trends. In fact, the BP core allows for increased delocalization of the hole of <1 2d | as compared to that of <1 d | (Figure 2) , while spreading over the triazole moiety is slightly reduced both for the hole and the electron associated to <1 3d | when compared to <1 d | (Figure 3) .
Finally, all compounds show additional close higher lying excited states bearing significant oscillator strength ( Figures  2-4 ) which may show up in experiment as additional bands or band broadening depending on the amount of homogeneous and inhomogeneous broadening.
Relevance of the Frenkel exciton scheme
From the large red shift of the first absorption bands of 2d 1 and 3d 2 ( Table 1 and Figure 4) , the Frenkel exciton model (Figure 1 ) predicts significant interbranch couplings V of 0.19 and 0.22eV respectively. However, inspection of transition energies of higher lying excited states is essential to validate this simple picture. In addition, NTOs are also quite useful to decide whether each dipole can be well approximated by a two-level system when viewed as the molecular building block corresponding to the branched structure. For the first two excited state of quadrupole 2d 1 , the exciton picture is nor fully relevant neither completely inappropriate. In fact, comparison of the NTOs of <1 d | and (<1 2d |, <2 2d |) show the ability of the BP core to favour significant conjugation between both sides of the quadrupole ( figure 2 ). This leads to the stabilization of the first four excited states. Each of these four states does not result from a single dipolar excited state but from a mixture of the lowest excited states having significant weight on the BP moiety either for the electron or both for the hole and the electron (e.g. <4 d |). Thus, the energies of the first two excited states of the quadrupole do not satisfy the splitting predicted by the exciton model (Figure 1 ). On the contrary, a very nice correspondence is observed between state <2 d | and states (<5 2d |, <6 2d |). The latter are multiconfigurational and can be represented only by a pair of NTOs. They correspond to bonding and anti-bonding combinations of monomeric state <2 d | leading to anti-symmetric (even parity) and symmetric (odd parity) transitions respectively. This is a direct consequence of excitation localization on the peripheral moieties as the gathering of the two dipolar unit in a twobranched quadrupolar structure will not allow significant interaction. Thus these two quadrupolar states have comparable transition energies (splitting of about 0.005eV) and almost the same as state <2 d |.
The situation is somewhat different for dipole d 2 and three-branched chromophore 3d 2 . In fact, comparison of NTOs for state <1 d | and (<1 3d |, <2 3d |, <3 3d |) reveal good correspondence (Figure 3 ). However, corresponding transition energies are far from the (-V,+2V) splitting predicted within the exciton model (Figure 1 ), while it was the case for related octupoles. 4 Here, both hole and electron have large weight on the TPamine branching center allowing for significant through bond interbranch communication that stabilizes the first three excited states of 3d 2 . While the same holds regarding NTOs of <6 d | versus (<10 3d |, <11 3d |, <12 3d |), the three later states are almost degenerated and only slightly stabilized. This has to be related to the location of the hole on the peripheral donating moieties. It suggests no or little interbranch communication and no sizeable enhancement of any of the optical responses for these excited states.
Fluorescence solvatochromism
Even so this work is limited to ground state geometries relevant for absorption, it may be of some help to understand the different emission behaviors reported experimentally. 31, 32 In fact, it is well known that for such molecular structures, relaxation of the excited state leads to planarization of the molecular backbone and increased conjugation in the relaxed excited state. The torsional degree of freedom related to the BP core 16 adds to those surrounding the triazole ring, leading to a larger Stokes shift 31 for 2d 1 than for 3d 2 , as the TPamine undergoes little changes upon relaxation. 8, 9 Furthermore, excitation localization on one of the molecular branches prior to emission has been predicted and experimentally observed both for quadrupoles 16, 20 and three-branched chromophores. 8, 9, 16, 21 As a consequence, emission is expected to stem from a dipolar state, well localized over a single branch, leading to significant solvatochromism of the fluorescence. The major solvatochromic behavior of 2d 1 as compared to 3d 2 32 may also be a direct consequence of BP planarization in the relaxed excited state, which should result in a larger increase of the excited state dipole moment 
Two Photon Absorption (TPA)
Calculated TPA spectra, normalized for the number of branches, are reported in Figure 5 . The main features revealed by these spectra are coincident peak position of the first TPA band of each branched chromophore and its dipolar counterpart, significant enhancement of TPA cross section for branched chromophores in the low energy part of the spectra, and large responses at higher energies related to high lying excited states such as <6 Table 1 as the TPA maximum of 2d 1 seems to have been reached close to 577nm, whereas TPA of 3d 2 still increases at 577nm. Unfortunately, further comparison between experimental results and calculations is difficult. First, published experimental data is limited to single wavelength data for 2d 1 and 3d 2 . In addition, both experiments and calculations may suffer from inherent difficulties and are subject to differences regarding conventions used for the definition of underlying physical quantities. 4 From the theoretical point of view, we recall that linewidths (scaling as 1/Γ is expected for amplitudes in a simple few states model) are kept identical for all members of the series and no solvent effect has been accounted for. 5 ). NTOs illustrate the corresponding electronic redistribution: the hole is no more localized on the central TPamine core but involves the donating end group with an extension up to the triazole moiety, while the electron extends over the whole spacer connecting the two nitrogen atoms. Thus, introduction of the triazole ring decouples OPA and TPA states, and induces a dramatic blue shift of the TPA spectrum. The TPA response of 3d 2 can be viewed alike, the main TPA band being related to <12 3d | which shows a marked correspondence with <6 d | (Figures 3 and 5) . As no splitting between (<10 3d | , <11 3d |) and <12 3d | is observed, the enhancement of the TPA cross section (per branch, Figure 5 ) of 3d 2 with respect to d 2 has to be related to coherent interactions between branches (beyond the Frenkel exciton model where <6 d | would be the main monomeric excited state). Such enhancement has already been reported for other three-branched TPamine based chromophores (Figure 15 of ref. 4 ). As no local-field, nor refractive index corrections (Figure 9 of ref. 4 ) have been taken into account in the present work, the enhancement of 3d 2 versus d 2 is less important. This observation could be a direct consequence from hole localization on peripheral groups which may significantly reduce the efficiency of both through space and coherent interbranch interactions.
CONCLUSION
Based on state of the art TD-DFT calculations, this work allows for a better understanding of the specific behavior of multipolar triazole-based chromophores. Such compounds can be synthesized thanks to "click" chemistry 31 and have been shown to be promising candidates for optical limiting in the visible region. 31, 32 Overall decrease of OPA and TPA responses, when compared to related multipolar fluorophores, are directly related to significant conjugation disruption next to the triazole ring which leads to significant decrease of transition dipole moments. The specific effect upon branching is also quite different from analogous structures and different for the two branched systems investigated in this study. While quadrupole 2d 1 shows enhanced OPA and TPA responses when compared to twice those of its dipolar counterpart d 1 , the three-branched chromophore 3d 2 reveals reduced OPA but enhanced TPA responses with respect to three times those of the molecular unit d 2 . On the other hand, the first TPA maxima of both branched compounds occur almost at the same energy as that of their dipolar monomers.
First of all, the peripheral nitrogen end-groups play a quite different role in both series: it acts as a donating moiety in d 1 and 2d 1 , while it does almost not participate in the first few excited states of d 2 and 3d 2 . This is a direct consequence of possible electron-withdrawing character of BP core 10, 16 as compared to the electron donating one of the TPAmine core. In addition, the BP core of 2d 1 allows for significant mixing of the dipolar excited states while the TPamine core retains a good correspondence between excited states of d 2 and 2d 1 , well illustrated thanks to NTOs. Thus, the through bond communication resulting from the BP core significantly stabilizes the first excited states of 2d 1 and increases both OPA and TPA oscillator strengths. On the other hand, in d 2 and 3d 2 the triazole moiety triggers the competition between the two nitrogen-based donating end groups which contribute either to the first OPA or first TPA band. These bands are related to different excited states both in the dipole (first versus sixth excited state) and in the three-branched system (first two versus twelfth excited state). It results in a dramatic blue shift of the position of the first TPA band with respect to twice the OPA transition energy. Additionally, TPA cross section of the first band is significantly enhancement with respect to that of quadrupole 2d 1 . We underline that such behavior is unusual as quadrupoles have commonly better normalized (either for the number of branches, the molecular weight or the number of effective electrons 42 ) TPA cross sections than related three-branched chromophores. 4 Finally, the present study provides interesting perspectives for TPA-transparency and fluorescence probes optimization. Indeed, the better understanding of the subtle-acting of the triazole moiety may be combined to complementary routes for molecular engineering. Fluorene core instead of BP core should allow for increased conjugation along the quadrupolar backbone and both improved OPA and TPA responses. 16, 40 Replacement of donating end-groups by electron-withdrawing moities should lead to further blue shifts and major changes of the role played by the triazole ring. 8, 9, 40 Variation of the triazole substituent positioning may induce significant structural modifications and dramatic changes of both linear and NLO responses. 43 Slight dissymmetrical functionalization could also offer interesting perspectives for spatial and spectral control of the fluorescence properties while maintaining good TPA cross sections. 
